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Abstract. We have fabricated disordered superconducting nanowires of
molybdenium silicide. A molybdenium nanowire is first deposited on top of silicon,
and the alloy is formed by rapid thermal annealing. The method allows tuning
of the crystal growth to optimise, e.g., the resistivity of the alloy for potential
applications in quantum phase slip devices and superconducting nanowire single-
photon detectors. The wires have effective diameters from 42 to 79 nm, enabling
the observation of crossover from conventional superconductivity to regimes
affected by thermal and quantum fluctuations. In the smallest diameter wire and
at temperatures well below the superconducting critical temperature, we observe
residual resistance and negative magnetoresistance, which can be considered as
fingerprints of quantum phase slips.
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1. Introduction
Highly disordered amorphous quasi-one-dimensional (1D) compound superconductors
are interesting for the superconductor community, mainly for quantum phase slip
(QPS) research [1, 2, 3, 4, 5, 6, 7, 8, 9, 10] and superconducting nanowire single-photon
detectors [11, 12, 13]. Especially interesting are both materially and geometrically
homogeneous 1D wires in which the finite resistivity in superconducting state can
originate only from fluctuations of the phase of the order parameter. In comparison,
in two-dimensional (2D) films the possible defects and fluctuations are shunted by
adjacent superconducting channels.
Development of modern fabrication techniques has enabled experimental
investigations of size dependent fluctuations in 1D superconductors, and several QPS
experiments with various materials MoGe [14, 15], Al [16, 17], Ti [18], Nb [19, 20],
InOx [7], NbSi [6] and NbN [9, 21] have been made. The list is not comprehensive,
but it gives an idea about the number of experimental studies so far. To obtain
high fluctuation rate, the diameter of the nanowire must typically be below or at
least comparable to the limits of modern e-beam lithography of about 10 to 20
nm. Fabrication of nanowire samples has utilized several unorthodox techniques, for
example templating [14, 15], electromigration [22], and ion milling [16, 18]. The use
of highly disordered and thus resistive materials has relaxed the size requirement but
also made the fabrication more complex in sense of material homogeneity and available
deposition techniques.
Some of our initial objectives were to develop a fabrication routine that only
utilizes techniques that are scalable on the wafer scale, and to achieve the aspect
ratio between the height and the width of the cross section close to 1:1. A common
problem of typical nanowire fabrication processes is that they use ultra thin films
to achieve the required cross section and that increases relative inhomogeneity and
surface area of the wire, making it more susceptible to the environment. This work
progresses towards our future aim to develop a robust process which could be combined
to the established silicon fabrication techniques to enable a complete silicon-based
superconducting toolbox.
As the material, we selected thermally formed molybdenium silicide (MoSi)
which is well compatible with CMOS processes for quantum circuits [23]. In general,
silicides have several ideal properties: tunable superconducting critical temperature
Tc, possibility to tailor normal state resistivity from low to very high values, and
proven high quality of the superconductor [11, 13, 24] when the device is fabricated
on proper substrate and with diffusion barriers.
2. Theory
In quasi-one-dimensional nanowires the fluctuations of the phase of the superconduct-
ing order parameter cause a measurable resistance below Tc. The fluctuation governed
superconductivity has been studied for more than fifty years. The concept of thermally
activated phase slips (TAPS) was introduced by W. Little in 1967 [25] and they were
observed experimentally a few years later [26, 27]. According to Langer-Ambegaokar-
Halperin-McCumber model [28, 29, 30], the resistance below superconducting transi-
tion temperature is
RTAPS =
Ωpi~2
2e2kBT
exp(− δF0
kBT
) ≈ RN exp(− δF0
kBT
), (1)
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where
δF0 ≈ 2.2RQξ(0)
RNL
kBTc(1− T/Tc)3/2 (2)
is the free energy barrier for phase slips valid at temperatures T > 0.7 Tc [31]. Here,
Ω is the attempt frequency, RQ = h/(2e)
2 is the superconducting resistance quantum,
h and ~ are Planck and reduced Planck constants, respectively, kB is the Boltzmann
constant, e is the elementary charge, L is the length of the wire and ξ(T ) is the
temperature dependent superconducting coherence length. For experimental purposes
the prefactor of RTAPS can be adequately approximated with the low temperature
normal state resistance RN [32].
In the dirty limit l ξBCS, true for all our wires, the superconducting coherence
length ξ(T ) =
√
lξBCS(T ) can be estimated using the well-known Bardeen-Cooper-
Schrieffer (BCS) relation ξBCS(T ) = ~vF /(pi∆(T )), where ∆(T ) is the temperature
dependent BCS energy gap, vF is the Fermi velocity and l is the mean free path. This
leaves product lvF as the only fitting parameter since the other parameters can be
measured directly or calculated from the BCS theory.
Thermally activated phase slips are of essence only when T ≈ Tc, and they are
suppressed exponentially when T  Tc. Instead the QPS gives rise to finite resistance
that can be observed down to T = 0. The model by Golubev and Zaikin [33, 34] has
been successfully employed in several experiments [16, 17, 35, 32, 36, 18, 20, 21] to
explain observations of the residual resistance due to QPS well below Tc in various
materials.
The model predicts the resistance
RQPS = bS
2
QPS∆(T )
L
ξ(T )
exp(−2SQPS), (3)
where SQPS = A(RQ/RN )(L/ξ(T )) is the QPS action. The parameters A ≈ 1
and b ∼ RQ/∆(0) are constants, but cannot be precisely accounted within the
model [33, 34, 35]. The model assumes that the wire is homogeneous. In real wires,
there are always weak links, which localize the phase slips [38, 39]. Yet for short wires
this effect should be sufficiently small to be ignored when compared to inevitable
uncertainty of the parameters A and b. Also the model is applicable only for small
QPS rates [35, 37], but as far as we know, no microscopic theory exists for the case
when QPS dominates the charge transport.
The quantum phase slips can be considered as the magnetic counterpart for
charge tunneling in a Josephson junction (JJ). Instead of tunnelling of Cooper
pairs through an electrically insulating layer, magnetic vortices tunnel through the
superconductor (magnetic insulator) [2]. The duality to JJ physics has allowed
mapping of the extensive JJ theory to QPS elements when proper energy scales and
quantum conjugate variables of charge and phase are exchanged. The theory predicts
insulating transition (Coulomb blockade) instead of superconducting transition for
nanowires with sufficiently high QPS amplitude [6, 5, 40, 41]. This has enabled the
realisation of several QPS based devices such as Cooper pair transistor [6, 10], flux
transistor [8] and QPS qubit [7]. Even though the experiments have been promising,
QPS elements are not extensively used in applications because of the lack of proper
theoretical understanding of the phenomenon, complex fabrication methods, and so
far low reproducibility of the elements.
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Figure 1. Illustration of the process. a) Si-wafer with AR-P 6200.6 coating. b)
Electron beam lithgraphy patterned resist. c) Ar etch prior to Mo deposition.
d) Mo deposition on wafer. e) Harsh lift-off in ultra-sonic bath to remove excess
metal and side walls. f) Rapid thermal anneal diffuses the wire in the substrate
leaving relatively smooth surface.
3. Fabrication and measurements
The fabrication process of MoSi nanowires is depicted in Fig. 1. As a substrate we
used float-zone grown 〈100〉 prime intrinsic 4 inch silicon wafers with very low impurity
concentration and resistivity ρ larger than 10 kΩm. The wafers were coated with about
200 nm thick positive e-beam resist AR-P 6200.6 (Fig. 1a). Electron beam writer with
100 kV acceleration voltage was used to pattern the structures with dose 250 µC/cm2
and the resist was developed at room temperature with AR 600-546 for 2 minutes
(Fig. 1b). The native silicon oxide was removed by argon ion milling (Fig. 1c) prior
to sputter deposition of 12 nm thick Mo-film (Fig. 1d). After the deposition the resist
was chemically stripped in RM 600-71 within ultra-sonic bath (Fig. 1e). The room
temperature resistivity of the deposited polycrystalline Mo-film was 26 × 10−8 Ωm.
Taking into account the polycrystalline nature of the sputtered film, it agrees well
with the bulk material value [42] of Mo, 6× 10−8 Ωm.
In annealing the Mo wire diffuses into silicon and forms the MoSi wire (Fig. 1f).
We used rapid thermal annealing in N2 ambient with three parameter combinations:
400 ◦C for 60 s, 600 ◦C for 60 s and 900 ◦C for 15 s. Samples fabricated with the latter
two parameter sets suffered from high contact resistance between aluminum bonding
wires and contact pads of the sample. When cooled to cryogenic temperatures the
contact resistance increased to a degree that the samples could not be measured.
Samples annealed at 400 ◦C had no such problems and only those were used in the
experiment.
The samples were measured in a dilution refrigerator at base temperature of about
15 mK. The measurement setup was the same that was used in Ref. [43] with two
nested microwave shields. Bronze powder filters [44] and resistive miniature stainless
steel coaxial cables (length 16 cm, diameter 0.33 mm) were used as high frequency
filters [45] in addition to typical lumped element RC-filtering.
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Figure 2. a) Overview SEM image of the wire samples with the four probe
measurement configuration. b) and c) SEM images of nanowires with widths 90
and 26 nm, respectively. d) and e) Cross-sectional SEM image of a micron scale
electrode and a nanowire, respectively. f) EDX spectrum taken from the large
wire d).
The lift-off method was used in this material research because of its simplicity.
For future devices, the positive resist and lift-off technique can be replaced by negative
resist (HSQ) and etching technique, respectively. Also diffusion barriers can be
incorporated to the structure for a better control of the Mo diffusion in the Si
substrate, for example by using silicon-on-insulator wafers. This has been shown
to be important for the suppression of the high-frequency losses in thermally formed
PtSi resonators [11]. Yet it is not evident that the barriers are of advantage for the
QPS applications. It is also likely that the contact resistance problems observed in
samples annealed at T > 600 ◦C can be solved by using two steps of lithography,
where the contact pads are made of another material than the nanowire.
4. Results and discussion
A collection of scanning electron microscope (SEM) images of the MoSi nanowires are
presented in Figs. 2a-e. An overview of the sample and the four probe measurement
configuration that was used in the measurements is shown in Fig. 2a. Two nanowires
with widths 90 nm and 26 nm are presented in figures b) and c), respectively, showing
high homogeneity of the lateral dimension. All the imaged nanowires were highly
uniform and no obvious granular structure was observed in any of them.
Cross sectional images of a micron scale electrode (Fig. 2d) and a nanowire (Fig.
2e) were prepared with focused Ga-ion beam etching and SEM imaging. Polymer
residues from the resist or plasma etching are visible on large scale conductor, but all
sub-micron structures are free from such contamination. The formation of MoSi is
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Figure 3. Resistance versus temperature for seven nanowires with effective
diameters indicated in the graph. Thermal (solid lines) and quantum fluctuations
(dashed line) are fitted to the data of corresponding colour and their sum is
marked with orange dash-dotted line. The inset shows resistance as a function of
external magnetic field at T = 15 mK for the smallest wire.
observed to be very uniform and smooth under the Si surface. Several nanowires were
prepared and examined in a similar way. No irregularities or defects were observed in
any of the measured wires.
The cross sectional images show a clear boundary between Si and MoSi. The
thickness of the formed MoSi film was t = (70 ± 5) nm. With this method, fabrication
of almost arbitrary aspect ratios of the wire seems feasible. Our wires had the height
to width ratio from about 1:2 to 3:1, the latter being hard to fabricate with any other
means for these few-tens-of-nm wide wires.
We used energy-dispersive X-ray spectroscopy (EDX) for elemental analysis. An
EDX spectrum measured from the sample of Fig. 2d is presented in Fig. 2f. The silicon
content is overestimated because of the electrons penetrating deep into the substrate.
The penetration depth of the incident e-beam that is about 1 µm determines the
smallest volume possible for the analysis. Traces of oxygen and carbon from the
native oxide layers and the polymer residues, respectively, are observed in addition to
obvious Mo and Si, but no other contaminants were identified.
The resistance as a function of temperature for seven nanowires is presented in
Fig. 3. Relatively sharp superconducting transition is observed in the widest nanowire
with effective diameter σ1/2 = (79 ± 6) nm [width (90 ± 3) nm, thickness (70± 5) nm].
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The wires with diameters from 46 to 65 nm have a resistive tail which has no size
dependence. This is likely due to the contact electrodes fabricated from the wide
MoSi film whose Tc is lower than that of the nanowires. It can affect in two ways.
First, the measured resistance has finite contribution from the electrode resistance
because of the measurement configuration (Fig. 2a), and second, while being in normal
state the contacts suppress the superconducting energy gap in the nanowire by inverse
proximity effect.
Theoretical TAPS fits (Eq. (1)) for four of the smallest nanowires are shown
in Fig. 3 with solid lines and with colour that corresponds the fitted data. The
fits agree reasonably well with the measured transitions of the larger wires when
the contribution of the resistive tail due to the contacts is neglected. The product
of the mean free path and the Fermi velocity lvF = 2.2 × 10−3 m2/s was used as
the only true fitting parameter. The best fit lvF -product translates roughly to vF
between 2×105 and 4×105 m/s and mean free path l between 10 and 5 nm, which
are reasonable. This leads to coherence length ξ(T ) from about 40 to 100 nm, which
is comparable to the wire dimensions. The other parameters used in the fits were
normal state resistances and superconducting critical temperatures; RN1 = 5.65 kΩ
and Tc1 = 2.54 K (magenta), RN2 = 9.89 kΩ and Tc2 = 2.60 K (green), RN3 = 22.1 kΩ
and Tc3 = 2.80 K (dark blue), and RN4 = 55.8 kΩ and Tc4 = 3.40 K (violet).
For the narrowest wire with diameter 42 nm the TAPS fit no longer even
qualitatively agrees with the data. The contribution of the QPS (Eq. (3)) is already
relevant (dashed line). In the analysis we fixed the unimportant prefactor parameter
of Eq. (3) to value b = RQ/∆(0) and used A as a fitting parameter. The best
fit is obtained with A = 0.54 which is comparable to the values observed in other
materials. Good agreement with the experiment is reached when both thermal and
quantum fluctuations are taken into account (dash-dotted line) marking a crossover
from thermal to quantum fluctuation influenced regime.
Negative magneto resistance is observed in the thinnest wire (inset Fig. 3). The
phenomenon is typical for wires in the regime of high QPS rate [36, 37, 46, 22] and
has been considered as a fingerprint of phase-slip-dominated dissipation [47]. The
effect has several possible explanations [48, 49, 35, 47], but no commonly accepted
model exists yet. The most likely scenario, explaining all observations so far, is the
enhancement of the retrapping current of the superconducting nanowire [47, 22].
Current-voltage characteristics measured at T ≈ 30 mK for three wires with
effective diameters from 42 to 79 nm are presented in Fig. 4. The largest wire has
typical characteristics of a superconductor with critical current density approximately
92 kA/cm2 which is comparable to those observed in larger MoSi wires [13]. The
second wire with diameter 54 nm has a significantly lower critical current density
about 28 kA/cm2. Finite resistance is observed already in the superconducting state
before the switching, probably originating from the fluctuations which become more
pronounced as the increasing current lowers the free energy barrier that prevents the
phase slips. The related dissipation drives the wire to the normal state much earlier
than it would be in absence of fluctuations. The smallest wire with diameter 42 nm
has a significantly suppressed critical current of about 4.5 kA/cm2. Finite resistance,
probably due to QPS, is observed already at sub-100 pA bias currents.
Critical current density data gathered from multiple wires are shown in Fig. 5a.
For wires with σ1/2 > 60 nm the critical current density is constant, but for narrower
wires it decreases with an exponential slope as a function of σ1/2. This decrease of
the critical current could be accounted by an exponentially increasing fluctuation rate
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Figure 4. IV-characteristics of three nanowires with effective diameters indicated
in the graph measured at T ≈ 30 mK.
as a function of diameter.
The resistivity of the nanowires increases exponentially as the effective diameter
is reduced (Fig. 5b). Yet the wires appear homogeneous on the cross sectional SEM
images and the height of the formed wire seems to be almost independent on the width
of the original Mo wire diameter. Additionally the width of the nanowire affects the
critical temperature (Fig. 5c), which is here defined as the highest temperature where
R(T ) < 0.9 RN . We have chosen a value that is close to the normal state resistance
but still well resolved experimentally, so that it would be adequately applicable for
the fluctuation affected wires, i.e., neglect the resistive transition tails. Previous
experiments indicate that disorder increases the critical temperature from the value
Tc = 1 K of bulk crystalline MoSi up to Tc = 7.6 K for amorphous MoSi films [50, 13].
Thus it would be plausible that the grain growth at the surface of the nanowires is
inhibited and more ordered crystalline structures are formed only within the MoSi-
matrix. This leads to more amorphous films in the narrower wires where the surface
area compared to the volume is larger than in the wider wires. This would explain both
effects, increase of the normal state resistivity and increase of the critical temperature
as the nanowire width becomes smaller.
After the first measurement the samples were further annealed at 600 ◦C for 60 s.
The samples were then re-measured in a dilution refrigerator but no noticeable change
either in resistivity or superconducting properties were observed as is shown in Fig.
5, where the red circles are measurements after the first anneal and the blue triangles
after the second anneal. We conclude that the sample tolerates thermal treatment
after initial anneal because the Mo has formed a stable alloy with Si preventing further
diffusion.
The composition or structure of the nanowire is hard to measure directly since it
would require high spatial resolution. In the SEM images we observed high geometric
homogeneity of the thermally annealed wires and we expect the same to be true for
material composition across the wire. Utilising text book values for the density and the
atomic mass for both Mo and Si, and the dimensions of the Mo thin film as deposited
and the annealed MoSi nanowire, we get a rough estimate that the composition MoSix
is silicon rich, i.e. x & 2. The accuracy of the estimation is limited by the uncertainty
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Figure 5. a) Critical current density at 30 mK, b) low temperature normal
state resistivity, and c) superconducting critical temperature of the nanowires as
a function of the effective diameter. Samples annealed only at 400 ◦C for 60 s
are marked with red circles, and those annealed for the second time at 600 ◦C for
30 s are marked with blue triangles.
of the deposited Mo film thickness as the deposition rate, which was used to determine
the thickness, had been calibrated with significantly thicker films.
The sheet resistances R of the measured nanowires were between 30 and 650 Ω.
It is expected that the sheet resistance should be closer to the superconducting
resistance quantum RQ = 6.45 kΩ to permit coherent phase slips [7]. This is
well within achievable limits of our method for MoSi nanowires while maintaining
sufficiently large dimensions for reproducible fabrication. First it is trivial to reduce
the film thickness from 70 nm down to 20 nm. Based on the resistivity trend in
Fig. 5b, the reduction of effective cross section from 40 nm down to 20 nm should
increase the resistivity by about one decade. When these two effects are combined the
sheet resistance of 20 nm × 20 nm wire would be R ≈ 20 kΩ, i.e. well above the
required value.
The QPS is not the only possible scenario for the observation of the resistive low-
temperature tails, even though the QPS model fits the data with realistic parameters.
Particularly in 2D systems, disorder and thickness driven dissipative metallic
phases [52, 53] have been observed in various materials, but the origin of metallic
states is still under debate. The occurrence of the metallic states and incorporated
quasiparticle poisoning would also explain the negative magnetoresistance with
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improved quasiparticle diffusion to bulk electrodes. However, simple thermal
arguments suggest that dissipative metallic phases are not the origin of the resistive
low-temperature tail of our thinnest nanowire. Let us consider the case where the
normal-metal part is long enough that no supercurrent can flow through it, as a short
metallic section would be proximised by the adjacent superconductors, and would only
act as a weak link that localises QPS [39]. In the IV curve of the smallest wire, see
Fig. 4 rightmost panel, the highest measured current where the majority of the wire
is still superconducting, is 80 nA. If the voltage of this measurement point, 0.3 mV,
arose from a short normal-metal wire, it would dissipate the power of 24 pW. Yet only
fraction of this power would heat the whole wire to normal state.
On the other hand, the QPS process does not have to be dissipative and produce
heating [2, 7]. Dissipation in QPS circuits is still an open question and lacks proper
microscopic model, but previous experiments have shown that phase slip centers can
exhibit temperature-independent differential resistance as in our wires [54]. At low
voltages this center carries a time-averaged supercurrent. In our smallest-diameter
wire, observed low temperature resistance would suggest formation of a single spatially
localized phase slip center with length of about 100 nm, which is between ξ(T ) and
2ξ(T ).
5. Conclusions
We have fabricated superconducting MoSi nanowires with standard electron beam
lithography and rapid thermal annealing. The method enables wafer scale fabrication
of highly resistive nanowires without obvious defects. We observe size dependent
crossover from conventional superconductivity to transport influenced by thermal and
quantum fluctuations. In the smallest diameter wire and at temperatures well below
the superconducting critical temperature, we observe residual resistance and negative
magnetoresistance, which based on the measured current-voltage characteristics
cannot be explained by metallic weak links. Extending the process to yield nanowires
with smaller diameter, and thus a higher QPS rate, requires only the deposition of a
thinner Mo layer. These wires could be used to make QPS-based devices, for example
photon, flux and charge detectors as well as thermometers and qubits. The first
thermal anneal is crucial for the properties of the film, but after the initial anneal the
wires did not suffer from heat treatment at 600 ◦C. This is a critical property, when
the wires are used in more complex structures, where several lithography cycles and
thus use of elevated process temperatures is required.
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